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Abstract
We present a model of dark matter in a warped extra dimension in which
the dark sector mass scales are naturally generated without supersymmetry.
The dark force, responsible for dark matter annihilating predominantly into
leptons, is mediated by dark photons that naturally obtain a mass in the GeV
range via a dilaton coupling. As well as solving the gauge hierarchy problem,
our model predicts dark matter in the TeV range, including naturally tiny mass
splittings between pseudo-Dirac states. By the AdS/CFT correspondence both
the dark photon and dark matter are interpreted as composite states of the
strongly-coupled dual 4d theory. Thus, in our model the dark sector emerges
at the TeV scale from the dynamics of a new strong force.
1E-mail: tgher@unimelb.edu.au
2E-mail: bvo@unimelb.edu.au
1 Introduction
An outstanding problem in particle physics and cosmology is to explain the origin of
dark matter. So far our only hints of dark matter have been unable to shed much light
on its nature and interactions. However, recently a number of anomalies from obser-
vational astrophysics have been reported [1–4]. Although these signals may find an
astrophysical explanation [5,6], an exciting possibility is that they are due to the an-
nihilation of dark matter in the galactic halo. This would suggest a dark matter sector
unlike any of the usual WIMP scenarios. According to Arkani-Hamed, Finkbeiner,
Slatyer and Weiner [7] (see [8–11] for related and earlier work), the astrophysical
anomalies imply a dark matter sector containing a WIMP with mass near the TeV
scale that predominantly decays into leptons via a dark force.
An attractive feature of this model is that it is able to reconcile and incorporate
all of the recent observations.1 This is done by introducing a hierarchy of scales to
explain the different observations. The excess in the combined flux of electrons and
positrons, which was observed by FERMI and HESS [3, 4]2, indicates a dark matter
mass in the TeV range. The annihilation cross section required to obtain these signals
and the signal observed by PAMELA [2] is much larger than that expected for a
thermal WIMP. This requires a light dark photon which can increase the dark matter
annihilation cross section in the galactic halo via the Sommerfeld effect. Moreover, the
dark matter must predominantly annihilate to leptons in order to explain the absence
of an antiproton excess at PAMELA. This can be achieved when the annihilation is
dominantly a two-step process: The dark matter first annihilates to dark photons and
the latter subsequently decay to charged Standard Model particles via kinetic mixing
with the Standard Model photon. If the mass of the dark photon is sufficiently small,
only decays to leptons are kinematically allowed.
There are other experiments which may have found hints on the nature of dark
matter: The direct detection experiment DAMA/LIBRA [25] observes an annual
modulation which is consistent with dark matter scattering off nuclei. Inelastic scat-
tering between two states with a mass split of order 100 keV can reconcile this signal
with the null results of other direct detection experiments [26].3 Furthermore, the 511
keV line coming from the centre of the galaxy, recently remeasured by the satellite
INTEGRAL [28], can be explained with a mass split of order 1 MeV and the decay
of the heavier, excited state to the lighter state under the emission of electrons and
positrons [8, 29].
It is a challenge to construct dark matter models which contain these features
within this range of mass scales while simultaneously solving the hierarchy problem
in the Standard Model. Nevertheless supersymmetric models have been proposed
1Various constraints on models of this type can be found e.g. in [12–24].
2These experiments do not confirm an edge feature in the spectrum claimed by ATIC [1] but
still find an excess.
3Constraints on the inelastic scenario can be found e.g. in [26, 27].
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which can incorporate the essential features [30–34]. They all require a departure
from the usual neutralino scenarios in the supersymmetric Standard Model. Other
aspects of models along the lines of [7] were discussed in [35, 36].
Alternatively in this paper, within the context of solving the gauge hierarchy
problem, we propose a nonsupersymmetric model of dark matter.4 We will use the
Randall-Sundrum framework [39] in order to generate the various mass scale hierar-
chies. The infrared (IR) scale is taken to be of order the TeV scale in order to solve
the gauge hierarchy problem in the visible sector (the usual Standard Model). The
dark sector is then modeled by introducing a dark photon and Dirac fermion into the
warped extra dimension. A coupling to a dilaton background is used to localize the
dark photon near the IR brane, which obtains a GeV scale mass when the dark gauge
group, U(1)′, is broken on the ultraviolet (UV) brane. Thus, the GeV mass scale is
naturally generated via the wavefunction overlap in the 5th dimension.
The Dirac fermion is charged under the dark gauge group U(1)′. A Majorana
mass on the UV brane causes the massless fermion mode to decouple, leaving a
pair of TeV-scale Majorana fermions with a mass splitting of order the MeV (or
100 keV) scale. The lightest fermion is stable, electromagnetically neutral and plays
the role of the dark matter. The dark photon couples dominantly off-diagonal to the
pair of pseudo-Dirac states, thereby naturally incorporating the inelastic dark matter
scenario [26]. Furthermore, even though the effective five-dimensional (5d) coupling
increases towards the UV brane, the Kaluza-Klein modes are always weakly coupled.
Our model of the dark sector is simple and economical, depending on effective
bulk mass parameters which correspond to turning on operators of various dimensions
in the corresponding four-dimensional (4d) dual theory. In fact, via the AdS/CFT
correspondence [40, 41], both the dark photon and dark matter are interpreted as
composite states of the strongly-coupled dual theory. Moreover, unlike other propos-
als, the symmetry breaking sector is particularly simple, relying on the dark gauge
group being broken by boundary conditions at the Planck scale. This means our dark
sector is in fact Higgsless with there being no need to introduce a dark Higgs sector
at low energies. Since the underlying dynamics is due to a strongly-coupled gauge
theory, there is the possibility of heavier resonances being produced at the LHC.
2 The Dark Gauge Boson
2.1 A light gauge boson from localization
In order to generate the required mass scales in the dark matter sector we will consider
a warped extra dimension [39]. The background geometry is assumed to be a slice of
4Sommerfeld enhancement mediated by the radion in a warped model has been studied in [37].
In [38], light gauge bosons were obtained from an additional slice of AdS5 with an IR scale of order
GeV.
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Figure 1: Annihilation of dark matter to
dark gauge bosons
Figure 2: Decay of a dark gauge boson
via kinetic mixing with the SM photon
5d AdS space with the metric
ds2 = gMNdx
MdxN = e−2kyηµνdx
µdxν + dy2 , (1)
where k is the AdS curvature scale and ηµν = diag(−1,+1,+1,+1) is the Minkowski
metric. The 5th coordinate y extends from 0 to L. The boundaries at y = 0 and
y = L are the locations of two 3-branes, the UV and IR brane, respectively.
The scale of the UV brane is mUV = k, where k is taken to be of order the Planck
scale, while the IR brane scale is chosen to solve the hierarchy problem. Just like in
the original model [39] we assume that the Higgs field is confined to the IR brane with
an IR scale mIR ≡ ke−kL ≃ TeV. We will also assume that the bulk contains gauge
fields [42, 43] and fermions [44, 45] in order to explain the fermion mass hierarchy.
Within this framework we will in addition introduce the dark sector fields.
In secluded models [7–11], the dark matter does not couple directly to the Stan-
dard Model (SM). Instead, it is charged under a dark gauge group and the dark gauge
bosons couple to the electromagnetic current via kinetic mixing with the photon.5 If
the dark gauge group is broken, the annihilation of dark matter to the SM is domi-
nantly a two-step process: The dark matter annihilates to the dark gauge bosons via
the process shown in Fig. 1. The latter subsequently decay to light SM fermions (see
Fig. 2) and thereby can give rise to the signals observed by PAMELA, FERMI and
HESS. In order to kinematically forbid decays to antiprotons, the dark gauge bosons
must be lighter than 1 GeV. If they are too light, however, the Sommerfeld-enhanced
annihilation of the dark matter in the early universe leads to an overproduction of
gamma rays, in conflict with experimental bounds [12]. In Ref. [7], the mass of the
dark gauge bosons is therefore chosen to be O(GeV).
We will now show how to obtain such an O(GeV) gauge boson in a warped extra
dimension when the scale of the IR brane is associated with the TeV scale. The dark
matter is discussed in Sect. 3. We consider a bulk U(1)′ gauge group and assume
5This mixing stems from a mixing with the hypercharge gauge boson. Another possible mediator
is a scalar which couples to the dark matter and which mixes with the SM Higgs (see also [46]).
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that the U(1)′ is broken on the UV brane. In the following, we refer to the lightest
Kaluza-Klein (KK) mode of the corresponding gauge field as the dark photon, γ′. If
this mode is localized towards the IR brane, it obtains only a small mass from the
symmetry breaking due to its small overlap with the UV brane.6 In order to localize
the dark photon, we follow [47] and consider a (dimensionless) scalar field φ and the
action
S(A
′) =
∫
d5x
√−g
[
−1
4
e−2φF ′MNF
′MN
]
. (2)
We refer to φ as the dilaton due to its dilaton-like coupling to the gauge field strength,
although we emphasize that we do not think of φ as the dilaton of string theory. In
particular, we assume that the factor e−2φ only enters the Lagrangian of the dark
matter sector. We assume that φ has a vacuum expectation value (vev) 〈φ〉 which is
varying along the 5th dimension. If the U(1)′ is unbroken, corresponding to Neumann
boundary conditions at the two branes, the equation of motion allows for a massless
4d mode with a constant profile, f
(0)
A (y) = N
(0)
A . The action for this mode then reads
(N
(0)
A )
2
∫
dy e−2〈φ〉
∫
d4x
[
−1
4
F ′(0)µν F
′(0)µν
]
. (3)
From this, we see that the profile of the massless mode with respect to a flat metric is
f̂
(0)
A (y) ∝ e−〈φ〉. For different vevs 〈φ〉, the massless mode can be localized anywhere
in the bulk. In particular, if the U(1)′ is broken on the UV brane, the mass of the
lightest KK mode can be made arbitrarily small by localizing the mode towards the
IR brane.
2.2 Linear dilaton profile
We will now demonstrate the existence of such a light state in the spectrum quan-
titatively. For simplicity, we first consider vevs which are linear in the coordinate y,
〈φ〉 = a− bky, where a, b are constants and the relative sign is chosen for later conve-
nience. For a linear dilaton vev, the spectrum of KK modes of the dark gauge boson
is straightforward to determine. However, even though we assume that the backre-
action of the vev on the metric can be neglected, we will not try to find an action
which dynamically generates such vevs. Instead in Sect. 2.3, we will discuss dilaton
vevs which are exponential in y and show how to generate such profiles dynamically.
As noted in [48] (see also [49]), by absorbing the linear dilaton vev into the gauge
field, ÂM ≡ e−〈φ〉A′M , the action becomes that of a ‘standard’ gauge field in AdS5, but
6Note that the U(1)′ gauge group could also have been broken on the IR brane which would yield
a small mass for a dark photon with a UV localized profile. However, as we will see later, in this
case it is no longer possible to induce small mass splittings for the dark matter fermion by adding
a boundary Majorana mass term.
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with specific bulk and boundary masses.7 This simplifies the KK analysis. We work in
the unitary gauge where the massive KK modes of A′5 become the longitudinal modes
of the massive 4d gauge bosons. Furthermore, we always choose boundary conditions
on A′5 such that this field has no massless mode. We will thus set A
′
5 = 0. Ignoring
fluctuations δφ of the dilaton, the action then reads
S(A
′) =
∫
d5x
[
−1
4
F̂ 2µν −
1
2
e−2ky
(
∂yÂµ
)2
− 1
2
e−2ky (b2 − 2b) k2Â2µ
− e−2ky bkÂ2µ
(
δ(y)− δ(y − L))] . (4)
This action was previously considered in [50–52] as a means to localize gauge fields.
We obtain the boundary conditions on an orbifold by choosing A′µ (and thus Âµ) to
be even under Z2. This leads to modified Neumann conditions, (∂y − bk)Âµ|0,L = 0,
at the two branes. Alternatively, if the theory lives on an interval, the variation of
the action at the two branes must vanish. The above boundary conditions are seen
to be an admissible choice [53–55] in this case. They allow for a massless KK mode
with profile f̂
(0)
A ∝ ebky. This profile agrees with that derived from (3) and is UV (IR)
localized for b < 0 (b > 0).
To break the gauge symmetry, we now impose the Dirichlet condition Âµ|0 = 0
(instead of the modified Neumann condition) at the UV brane. Thus, the dark sec-
tor is Higgsless in analogous fashion to Higgsless models of electroweak-symmetry
breaking [54–56]. Decomposing the gauge field as
Âµ(x
ν , y) =
∞∑
n=0
Â(n)µ (x
ν) f̂
(n)
A (y) , (5)
and imposing the boundary conditions, leads to the solution
f̂
(n)
A (y) = N̂
(n)
A e
ky
[
Jb−1
(mn
k
eky
)
− Jb−1(
mn
k
)
Yb−1(
mn
k
)
Yb−1
(mn
k
eky
)]
, (6)
where N̂
(n)
A is a normalization constant. The KK mass spectrum is determined from
the algebraic equation
Jb
(
mn
mIR
)
Yb
(
mn
mIR
) = Jb−1(mnk )
Yb−1
(
mn
k
) , (7)
7Instead of an exponential prefactor e−2φ (as in (2)) with a linear vev, we could consider a linear
coupling φF ′2MN with an exponential vev. Absorbing the vev into the gauge field, ÂM ≡ 〈φ〉1/2A′M ,
again leads to a ‘standard’ action for ÂM . Fluctuations δφ of the dilaton couple in this frame via the
term 〈φ〉−1F̂ 2MN δφ (plus additional terms involving derivatives of 〈φ〉). As we will discuss in Sect. 3.3,
in the cases of interest to us, the prefactor of the gauge kinetic term becomes exponentially small
close to the UV brane. Accordingly, the coupling 〈φ〉−1 of the dilaton to the gauge field becomes
exponentially large in that region. We would therefore have to check whether δφ is strongly coupled
to ÂM (cf. Sect. 3.3). With an exponential prefactor as in (2), this issue can be avoided.
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and expanding (7) for mn ≪ mIR ≪ k, we find that the lowest mode obtains the
mass
m0 ≈ e(1−b) kL mIR . (8)
If b > 1, this mass will be sufficiently suppressed below the IR scale. Assuming
k = 1018 GeV and mIR = 1 TeV (and thus kL ≃ 34.54), a dark photon mass of
O(GeV) is obtained for b ≃ 1.2.
The wavefunction of the dark photon can be simplified by expanding (6) for
m0
k
eky ≪ 1 (which is satisfied everywhere between the UV and IR brane) and is,
to a good approximation, given by the wavefunction of the former massless mode.
Normalizing the wavefunction to obtain a canonical kinetic term, we find
f̂
(0)
A (y) ≃
√
2bk ebk(y−L) . (9)
Notice that the constant part a of the dilaton vev has not played a role yet. The
dilaton factor in (2) is related to the inverse gauge coupling. As we want the dark
photon to couple with O(1) strength to charged matter in the IR, this factor should
be O(1) in the IR as well (see Sect. 3.3). In the following, we will therefore focus
on dilaton vevs which are small in the IR, leading to an O(1) prefactor of the gauge
kinetic term in that region. For simplicity, we will set 〈φ〉|y=L = 0, corresponding to
a = bkL.
2.3 Exponential dilaton profile
We now consider the following action for the dilaton:
S(Φ) = −1
2
∫
d5x
√−g
[
∂MΦ∂
MΦ +m2ΦΦ
2 + δ(y) λ0
(
Φ2 − v20
)2]
, (10)
where we have included a UV boundary potential for the dilaton. The parameters
λ0 and v0 have mass dimensions −2 and 32 , respectively. The field Φ, which has the
canonical mass dimension, is related to the dimensionless field φ by Φ = f
3/2
Φ φ, where
the mass scale fΦ is the dilaton decay constant. We assume that this scale is smaller
than the 5d Planck scale M5, where for example, it could be identified with the AdS
scale k.
The potential localized on the UV brane is consistent with the boundary condi-
tion ∂yΦ− λ0Φ(Φ2 − v20)|0 = 0. This causes the dilaton to obtain a vev. As will be
discussed below, we restrict ourselves to regimes in which the backreaction of this
vev on the metric can be neglected. The bulk equations of motion are solved by [57]
〈Φ(xν , y)〉 = C1e(4+α)ky + C2e−αky , (11)
where, for later convenience, we have defined α ≡√4 +m2Φ/k2 − 2. At the IR brane,
we impose the Neumann condition ∂yΦ|L = 0. This fixes the vev up to an overall
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constant v:
〈Φ(xν , y)〉 = v
(
e−αky +
α
4 + α
e−2(2+α)kL e(4+α)ky
)
≃ v e−αky . (12)
We restrict ourselves to the case α > 0 (corresponding to m2Φ > 0). In the last step in
(12), we have ignored the term ∝ e(4+α)ky which becomes relevant only close to the
IR brane.8 Using this approximation in the boundary condition at the UV brane, we
find
v ≃ ±
(
v20 −
αk
λ0
)1/2
. (13)
In the following, we assume that v > 0 and αk/λ0 ≪ v20 so that v ≃ v0. From (12),
we see that we can neglect the backreaction of the vev on the metric as long as
v ≪M3/25 . The prefactor of the dark gauge field strength in (2) becomes
e−2〈φ〉 = e−β e
−αky
, (14)
where we have defined β ≡ 2v/f 3/2Φ . We will be interested in α = O(1) and β = O(10).
The prefactor in this case quickly goes to 1 away from the UV brane. In particular,
we see that it is justified to ignore the term ∝ e(4+α)ky of the dilaton vev in (14).
Close to the UV brane, on the other hand, the prefactor is very small. This leads to
a strong suppression of the kinetic term of the dark gauge boson in this region. As
before, we therefore expect that the dark photon picks up only a small mass when
the symmetry is broken at the UV brane.
By expanding (10) around 〈Φ〉, we see that the action for fluctuations δΦ = Φ−〈Φ〉
of the dilaton is that of a massive bulk scalar with a mass on the UV brane. The KK
modes of this scalar all have masses of the order mIR and higher. We will therefore
ignore them in the following.
We will now show that the spectrum indeed contains a light gauge boson. Using
the decomposition
A′µ(x
ν , y) =
∞∑
n=0
A′(n)µ (x
ν)f
(n)
A (y) , (15)
the bulk equation of motion for the profiles follows from (2). In terms of the coordinate
z ≡ eky, we have [
∂2z +
(
αβ
zα+1
− 1
z
)
∂z +
m2n
k2
]
f
(n)
A (z) = 0 . (16)
8We see that the vev is peaked at one brane. The contribution of the vev to the energy density
after compactifying to 4d has therefore a negligible dependence on the size of the extra dimension.
Accordingly, the dilaton does not interfere with the stabilization of the radion, for example via the
Goldberger-Wise mechanism [57].
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For simplicity, we focus on the case α = 2, corresponding to a dilaton with 5d mass
mΦ =
√
12k. To cast (16) in the form of a Schro¨dinger equation, we make the ansatz
f
(n)
A =
√
z exp( β
2z2
)f˜
(n)
A . This gives[
∂2z +
(
4β
z4
− β
2
z6
− 3
4z2
+
m2n
k2
)]
f˜
(n)
A = 0 . (17)
We see that, for light modes with masses mn ≪ k, the mass term can be neglected in
the region close to the UV brane (where z ∼ 1). The resulting equation can be solved
in closed form and we find
f
(n)
A (z) ≃ C1 + C2
(
eβ/z
2
z2 − β Ei (β/z2)) , (18)
where Ei is the exponential integral and C1, C2 are constants. As before, we break
the gauge symmetry on the UV brane by imposing a Dirichlet boundary condition.
Recall that we consider β ≫ 1, so using the fact that Ei(x) = ex(x−1 + x−2 + . . .) for
x≫ 1, we find
C1
C2
≃ e
β
β
. (19)
This fixes the wavefunction in the UV (up to a normalization factor). In order to
determine the mass spectrum, we need to continue this solution to the IR brane,
where the wavefunction has to fulfill the boundary condition. Since Ei(x) ≃ γ+ log x
for x≪ 1, the wavefunction (18) for z ≫ √β can be approximated by
f
(n)
A (z) ≃ C1 + C2 z2 . (20)
This agrees with the solution to (16) for z ≫√β (in which case the term involving
β can be neglected) if one also neglects the mass term. We are looking for an expo-
nentially light mode with mass m0 ≪ ke−kL. From (17), we see that the mass term
in this case is a small perturbation even at the IR brane where z = ekL. Thus, we
can solve the equation of motion as a perturbation series in
m20
k2
. In particular, (20) is
the solution (for large z) to zeroth order. Up to first order, we find
f
(0)
A (z) ≃ C1
(
1 +
m20
k2
z2
4
(1− 2 log z)
)
+ C2
(
z2 − m
2
0
k2
z4
8
)
. (21)
As before, we impose the Neumann boundary condition ∂zf
(n)
A |zIR = 0 at the IR
brane, corresponding to an unbroken gauge symmetry. Using (21) as well as (19) and
solving for m0, we then see that the spectrum contains a mode with mass
m0 ≃
√
2β
kL
e−β/2k . (22)
For sufficiently large β, this mass is smaller than the IR scale (in which case the per-
turbative expansion, which led to (22), is justified). In particular, for mIR = 1 TeV
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and k = 1018 GeV, a dark photon mass of O(GeV) is obtained for β ≈ 84. Recall
that β is given in terms of the boundary vev v and the dilaton decay constant fΦ
by β = 2v/f
3/2
Φ . The required β can thus be obtained with the moderate hierarchy
v2/3 ≈ 10fΦ (where v2/3 has mass dimension 1). Alternatively, it is conceivable that
the dilaton vev with the required coefficient β can be generated without such a hier-
archy in the parameters by using additional scalars with suitable bulk and boundary
potentials.
We have determined the masses of the higher KK modes by solving (16) nu-
merically. The resulting spectrum is well approximated by the spectrum of massive
KK modes of a gauge boson without bulk and boundary masses. In particular, the
second lightest KK mode has a mass m1 ≃ 2.45mIR. Finally, we have also checked
numerically that the mass of the lightest KK mode is well described by (22).
2.4 Mixing with the Standard Model photon
In order to couple the dark photon to the electromagnetic current, we assume that the
dark photon and the SM photon mix via a kinetic term. This mixing can be generated
by integrating out some heavy states which are charged under both gauge groups. As
we will discuss in more detail in Sect. 3.3, due to the dilaton factor, the coupling of
the dark gauge boson to charged states grows towards the UV. It is therefore simplest
to have these heavy states localized on the IR brane, leading to kinetic mixing on the
IR brane. The relevant part of the action then reads:
S ⊃
∫
d5x
√−g
[
−1
4
e−2φF ′MNF
′MN − 1
4
FMNF
MN − 1
k
ζ F ′µνF
µν δ(y − L)
]
, (23)
where ζ is a small dimensionless constant whose value depends on the details of the
sector which generates the kinetic mixing and F 2MN is the kinetic term of the SM
photon (which we assume to be a bulk field). We have omitted a term F µ5F ′µ5 on
the brane which vanishes as discussed in [58]. Furthermore, for simplicity we do not
consider boundary kinetic terms for the dark gauge boson and the SM photon. Such
terms would not change our conclusions.
For simplicity, we restrict ourselves to the dilaton with a linear vev. As before, it
is convenient to absorb the dilaton factor into the gauge field, ÂM = e
−〈φ〉A′M . Recall
that we consider a dilaton vev which is small in the IR (cf. Sect. 2.2). The magnitude
of the kinetic mixing term therefore only changes by an O(1) factor with this field
redefinition. We absorb this factor into ζ . Due to the kinetic mixing term, the KK
decompositions of the dark gauge boson and the SM photon have to involve the same
set of fields A
(n)
µ . We thus decompose the fields as
Âµ(x
ν , y) =
∞∑
n=0
f
(n)
dark(y)A
(n)
µ (x
ν) and Aµ(x
ν , y) =
∞∑
n=0
f
(n)
SM (y)A
(n)
µ (x
ν) , (24)
respectively. Imposing a Dirichlet condition on the UV brane for the dark gauge
boson, its wavefunctions are again given by (6), with f
(n)
dark = f̂
(n)
A and N
(n)
dark = N
(n)
A .
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Similarly, imposing the Neumann condition on the UV brane for the SM photon,
leads to
f
(n)
SM (y) = N
(n)
SM e
ky
[
J1
(mn
k
eky
)
− J0(
mn
k
)
Y0(
mn
k
)
Y1
(mn
k
eky
)]
. (25)
The presence of the kinetic mixing term modifies the boundary conditions at the IR
brane which now mix the wavefunctions of the dark gauge boson and the SM photon:(
∂yf
(n)
dark − bkf (n)dark − ζk−1m2ne2kyf (n)SM
) ∣∣∣∣
y=L
= 0 , (26)(
∂yf
(n)
SM − ζk−1m2ne2kyf (n)dark
) ∣∣∣∣
y=L
= 0 . (27)
This system decouples for a massless mode, m0 = 0. Using also the boundary condi-
tions at the UV brane, we see that the spectrum contains a massless KK mode A
(0)
µ
with wavefunctions f
(0)
SM = const. and f
(0)
dark = 0. The quantization condition for the
masses of the higher KK modes A
(n)
µ reads
Jb
(
mn
mIR
)
+BdarkYb
(
mn
mIR
)
Jb−1
(
mn
mIR
)
+BdarkYb−1
(
mn
mIR
) = −ζ2 m2n
m2
IR
J1
(
mn
mIR
)
+BSM Y1
(
mn
mIR
)
J0
(
mn
mIR
)
+BSM Y0
(
mn
mIR
) , (28)
where BSM ≡ −J0(mnk )/Y0(mnk ) and Bdark ≡ −Jb−1(mnk )/Yb−1(mnk ). By expanding the
quantization condition for mn ≪ mIR, assuming ζ < 1 and b > 1, we see that the
spectrum again contains a light mode with mass given by (8). The masses of the
higher KK modes can be determined numerically. For example when ζ = 10−3 and
b = 1.2, we find that the masses of the next two heavier KK modes are given by
m2 ≃ 2.45mIR and m3 ≃ 4.1mIR.
The boundary conditions also determine the ratio of the prefactors N
(n)
SM and N
(n)
dark
in the wavefunctions f
(n)
SM and f
(n)
dark:
N
(n)
SM
N
(n)
dark
= ζ
mn
mIR
Jb−1
(
mn
mIR
)
+BdarkYb−1
(
mn
mIR
)
J0
(
mn
mIR
)
+BSM Y0
(
mn
mIR
) . (29)
The overall normalization of the wavefunctions is determined by the following or-
thonormal condition, as can be seen from the action (23):∫ L
0
dy
[
f
(n)
SM (y)f
(m)
SM (y) + f
(n)
dark(y)f
(m)
dark(y)
]
+
ζ
k
(
f
(n)
SM (L) f
(m)
dark (L) + f
(m)
SM (L) f
(n)
dark(L)
)
= δnm . (30)
The coupling of a KK mode A
(n)
µ to KK modes which are charged under the
dark gauge group is determined by an overlap integral involving the wavefunction
f
(n)
dark. Similarly, the coupling to KK modes charged under the Standard Model U(1) is
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determined by an overlap integral involving f
(n)
SM . The massless KK mode (with wave-
functions f
(0)
SM = const. and f
(0)
dark = 0) therefore only couples to the electromagnetic
current and not to the dark current. It can thus be identified with the 4d SM photon.
The wavefunctions of the asymptotically light KK mode (with mass given by (8))
can again be simplified by using the asymptotic forms of the Bessel functions. Using
(29) and (30) to determine the normalization constants, we find that f
(1)
dark is again
well approximated by (9), whereas f
(1)
SM is approximately constant, f
(1)
SM ≃ ζ/20 for
1 < b < 2. We can compare the latter wavefunction with the normalized wavefunc-
tion of the 4d photon, f
(0)
SM ≃ 1/6. The coupling of the asymptotically light KK mode
to the electromagnetic current is thus suppressed by the small mixing parameter ζ
relative to the coupling of the 4d photon. This is analogous to the suppression in 4d
when a gauge boson mixes with the SM photon via a small kinetic term (see [59]).
In order to estimate the coupling strengths of the heavier KK modes, we evaluate
their wavefunctions at the IR brane, assuming ζ < 1. For the second massive KK
mode, we find that f
(2)
SM (L) ∼ 1 does not depend on ζ , whereas f (2)dark(L) ∝ ζ . The third
massive KK mode, on the other hand, has f
(3)
dark(L) ∼ 1 and f (3)SM (L) ∝ ζ . When the
mixing becomes smaller, the second mode therefore decouples from the dark current
whereas the third mode decouples from the electromagnetic current. Accordingly, for
vanishing mixing ζ = 0, these states are KK modes of the SM photon and the dark
gauge boson, respectively.
3 The Dark Matter
3.1 Dark matter on the IR brane
As a simple realization of dark matter in our warped model, we can consider a
fermion localized on the IR brane which is charged under U(1)′ but neutral under
the SM gauge group. The fermion thus couples to the dark photon with O(GeV)
mass and its higher KK modes. This realizes the model in [7]. Due to the dark force,
the annihilation of dark matter to dark photons in the galaxy halo is enhanced by
the Sommerfeld effect. The resulting dark photons subsequently decay to the SM via
the kinetic mixing discussed in Sect. 2.4. Their mass is chosen such that decays to
antiprotons are kinematically forbidden whereas decays to positrons (and electrons)
are still allowed. This can give rise to the excess (over the expected background)
in the combined flux of cosmic ray electrons and positrons which was observed by
the experiments FERMI [3] and HESS [4]. It can also explain the rising fraction of
cosmic ray positrons reported by the experiment PAMELA [2] without producing
antiprotons in excess of the observed flux. The best fits to the data are achieved with
dark matter masses of the order TeV [15,16] which is the natural scale for a fermion
on the IR brane.
Note that the annihilation of dark matter to the higher KK modes of the dark
photon in the galaxy halo has to be forbidden or suppressed. As the latter have masses
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of O(TeV) or higher, their decay would otherwise produce too many antiprotons. If
the dark matter fermion is lighter than the lightest of these states (which has a mass
m2 ≃ 2.45mIR for the parameters used in Sect. 2.4), such processes are kinematically
forbidden.
Since the fermion couples to the dark photon which in turn couples to the elec-
tromagnetic current, strong constraints arise from direct detection experiments [9].
For a dark photon with mass of O(GeV) and coupling αdark ∼ 10−2 to the dark mat-
ter, this requires the mixing ζ between the dark gauge boson and the SM photon
(cf. Sect. 2.4) to be . 10−6 [7, 9]. The cross-section of dark matter scattering off
nuclei mediated by higher KK modes of the dark photon is additionally suppressed
by the TeV (or higher) mass in the propagator. These states therefore do not lead to
a tighter constraint on ζ . There are also lower bounds on ζ . The requirement that the
dark photon decays before nucleosynthesis leads to the bound ζ & 10−11 [9]. More-
over, if the mixing is too small, the dark matter does not stay in thermal equilibrium
with the SM until it freezes out. The corresponding bound on ζ , however, requires a
detailed analysis of the freeze-out process which is beyond the scope of this paper.
Alternatively, the constraints from direct detection experiments can be evaded
if the Dirac fermion is split into two Majorana states with different masses [26].
The dark photon couples dominantly off-diagonal to the two Majorana states. A
scattering event in a direct detection experiment can therefore only occur if enough
kinetic energy is available. In particular, by making the mass split larger, the event
rate can be made sufficiently small. In addition, if the mass split is of order 100 keV,
the annual modulation reported by the experiment DAMA/LIBRA [25] can be made
consistent with the null results of other experiments [26].
For a mass split of order 1 MeV, on the other hand, the heavier Majorana fermion
decays to the lighter state via the emission of an electron-positron pair. Enhanced
by the Sommerfeld effect, the heavier states are produced by scattering of the dark
matter in our galaxy’s halo. The resulting population of positrons (and electrons)
with low injection energies can explain [8,29] the 511 keV line observed in the center
of our galaxy, recently remeasured by the satellite INTEGRAL [28]. As the dark
photon couples dominantly off-diagonal to the two Majorana states, however, the
dominant excitation process is χχ→ χ∗χ∗ (where χ and χ∗ are the lighter and the
heavier Majorana state, respectively). In particular, the process χχ→ χ∗χ is strongly
suppressed. For kinematical reasons, it can then be difficult to produce a sufficient
amount of excited states (and thus positrons) [7]. Nevertheless, it may be interesting
to consider our model also for this purpose.
It would be interesting to see how a mass split can be generated for a fermion on
the IR brane. Instead, in the next section, we will show how to induce a mass split
for a fermion which lives in the bulk of the Randall-Sundrum model.
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3.2 A small mass split from localization
To split the fermion into two Majorana states, we consider a bulk Dirac fermion
(instead of a fermion on the IR brane) and add a Majorana mass term on the UV
brane. Small splittings between the Majorana components of the KK modes can be
obtained by localizing the fermion away from the UV brane. The lowest lying KK
state can be massive and therefore be automatically stable. This implements the
proposal in [7], but lifted into the warped 5th dimension.
Therefore, besides the dark photon, we introduce a dark sector bulk fermion
χ = (χL, χR)
T charged under U(1)′ with a bulk Dirac mass term and a Majorana
mass term on the UV brane. The action is given by
S(χ) = −
∫
d5x
√−g
[
i
2
(
χ¯ΓMDMχ− D¯M χ¯ΓMχ
)
+ imχχ¯χ + iδ(y)
d′
2
(χ¯cχ+ h.c.)
]
,
(31)
where ΓM are the curved-space gamma matrices. Furthermore, the covariant deriva-
tive is given by DM = ∂M + ig
′
5A
′
M + ωM , where g
′
5 = O(k−1/2) is the gauge coupling9
and ωM is the spin connection. We will discuss the coupling to the dark gauge boson
in Sect. 3.3. We parameterise the bulk mass term as mχ = c
′k with a dimensionless
constant c′ and the boundary Majorana mass term by the dimensionless constant d′.
The Majorana term explicitly breaks the U(1)′ symmetry which is consistent with
the U(1)′ symmetry being broken on the UV brane. Finally, note that we have not
included a dilaton factor as in (2). If present, such a factor can be absorbed into χ,
leading again to (31).
On the IR brane we impose χR|L = 0 which is equivalent to (∂y+(c′−2)k)χL|L = 0.
Instead, the Majorana mass term on the UV brane leads to the boundary condition
χ¯R|0 = d′2 χL|0 [55, 60, 61]. We see that the spinor fields in the KK decomposition
of χL and χR can no longer be independent, corresponding to KK modes which are
Majorana fermions. We thus perform the KK decomposition
χL(x
µ, y) =
∑
n
f
(n)
L (y)χ
(n)(xµ) and χR(x
µ, y) =
∑
n
f
(n)
R (y) χ¯
(n)(xµ) , (32)
leading to the solutions
f
(n)
L,R (y) = N
(n) S
(n)
L,R e
5
2
ky
Jκ± ( |mn|k eky
)
−
Jκ−
(
|mn|
mIR
)
Yκ−
(
|mn|
mIR
) Yκ± ( |mn|k eky
) , (33)
where κ± ≡ c′ ± 1/2 and N (n) is a normalisation constant (which is identical for the
left- and right-handed wavefunction as can be seen using the equations of motion).
9On an orbifold, the gauge field A′M is odd under Z2 at the UV brane. In order for the gauge
interaction term to be even under this Z2, the gauge coupling then has to be proportional to the step
function, g′5 ∝ ǫ(y), around the UV brane. This is similar to the bulk mass mχ being proportional
to ǫ(y) on an orbifold.
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Moreover, S
(n)
L ≡ sgn(mn), where sgn is the sign function, and S(n)R ≡ 1. As we will
see, negative and positive mass eigenvalues are allowed and correspond to different
physical states.
When d′ = 0, the massless zero-mode has the profile f
(0)
L ∼ e(1/2−c′)ky with respect
to a flat metric, and consequently can be localized anywhere in the bulk. This is
analogous to the situation with bulk SM fermions [44, 45]. However, when d′ ∼ 1
and c′ > −1
2
, this mode has a non-negligible coupling to the UV brane, and will feel
the large boundary Majorana mass. Consequently it obtains a mass much larger than
mIR, thereby decoupling from the low-energy spectrum. In this case the lightest states
become the lowest-lying KK modes which have Dirac masses of order mIR. Since the
KK modes have only a small wavefunction overlap with the UV brane, they will
only receive a small Majorana mass and via the seesaw mechanism, the former Dirac
states obtain a small mass split. Therefore, we expect to find a KK tower of two
nearly degenerate (pseudo-Dirac) mass eigenstates.
The mass spectrum is easily obtained by imposing the UV brane boundary con-
dition on the profiles (33). This leads to the condition
Jκ−
(
|mn|
mIR
)
Yκ−
(
|mn|
mIR
) = Jκ− ( |mn|k )∓ d′2 Jκ+ ( |mn|k )
Yκ−
(
|mn|
k
)∓ d′
2
Yκ+
(
|mn|
k
) , (34)
where the signs correspond to sgn(mn) = ±, respectively. By expanding the Bessel
functions with small arguments |mn|
k
≪ 1, we find that the right-hand side of (34) for
d′ ∼ 1 is of order ( |mn|
k
)2c′
, which is a small number for c′ > 0. The mass eigenvalues
to lowest order m
(0)
n are therefore determined by
Jκ−
( |m(0)n |
mIR
)
= 0 . (35)
This is solved by |m(0)n | ≃ (n + c′−12 )pimIR for n = 1, 2, . . . . Note that for every positive
solutionm
(0)
n there is also a negative solution, −m(0)n , which together represent a Dirac
fermion. We will denote the corresponding mass eigenvalues with negative indices,
such that m
(0)
−n ≡ −m(0)n . Similarly, χ(−n) and f (−n)L,R denote the corresponding KK
states and their wavefunctions, respectively.
At the next order these two mass eigenstates are split by the boundary Majorana
mass. By expanding (34) around m
(0)
n , the leading correction is found to be
m(1)n ≃ −
2pi
d′
1
Γ(1
2
+ c′)2
(
|m(0)n |
2k
)2c′
mIR . (36)
Since for d′ ∼ 1 and c′ > 0, the leading correction is |m(1)n | ≪ |m(0)n |, a small mass
split is induced in the mass eigenstates |mn| ≃ |m(0)n +m(1)n |. We therefore indeed find
a KK tower of two nearly degenerate Majorana states. Assuming k = 1018 GeV and
mIR = 1 TeV, the mass splitting is O(MeV) for c′ ≃ 0.22 and thus in the right range
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to explain the INTEGRAL signal (see however the caveat discussed in Sect. 3.1).
For c′ ≃ 0.26, on the other hand, the mass splitting is O(100 keV) and in the range
relevant to DAMA/LIBRA. The actual dark matter is identified with the lowest lying
KK state χ(1). For c′ in the range 0.22 − 0.26, the corresponding dark matter mass
is mDM ≃ (1.96 − 2.02)mIR. Thus, in our model, the dark matter is naturally in the
TeV range.
Finally, recall that (see Sect. 3.1) the annihilation of dark matter into higher KK
modes of the dark gauge boson has to be forbidden or suppressed. For the parameters
used in Sect. 2.4, the lightest of these KK modes has a mass m2 ≃ 2.45mIR. Since
mDM < m2 for the mass of dark matter in the above range, these processes are kine-
matically forbidden.
3.3 Coupling to the dark photon
We will now discuss the coupling of the dark matter to the dark gauge boson in some
detail. Using the KK decomposition for the fermion (32) and for the dark gauge boson
(15), the kinetic term in (31) gives
S ⊃ −i
∫
d4x
(∑
r,s
Zrs χ¯
(r) σ¯µ∂µ χ
(s) + i
∑
r,s,ℓ
grsℓ χ¯
(r) σ¯µA′(ℓ)µ χ
(s)
)
. (37)
We have to require that Zrs ≡
∫
dy e−3ky(f
(r)
L f
(s)
L + f
(r)
R f
(s)
R ) = δrs to obtain canonical
kinetic terms. Due to the boundary Majorana mass, the fermion wavefunctions f
(n)
L
and f
(n)
R can only be orthonormalized in a generalized sense (see e.g. [62]). Using the
equations of motion, we find that we have to impose∫
dy e−3kyf
(r)
L f
(s)
L =
1
2
δrs +
d′
2
f
(r)
L (0)f
(s)
L (0)
mr +ms
,∫
dy e−3kyf
(r)
R f
(s)
R =
1
2
δrs − d
′
2
f
(r)
L (0)f
(s)
L (0)
mr +ms
,
(38)
which gives Zrs = δrs. The coupling constants grsℓ are given by the overlap integral
of the fermion and gauge boson wavefunctions:
grsℓ = g
′
5
∫
dy e−3ky
(
f
(r)
L f
(s)
L f
(ℓ)
A − f (r)R f (s)R f (ℓ)A
)
. (39)
We will first evaluate the couplings grs0 involving the dark photon. As we have
discussed in Sect. 2.1, for Neumann boundary conditions at the two branes, the ac-
tion (3) allows for a massless mode with constant profile, f
(0)
A (y) = N
(0)
A . If we instead
impose the Dirichlet condition at the UV brane (and choose a suitable dilaton pro-
file), the resulting light mode still has an approximately constant profile: For the
exponential dilaton, this follows from the fact that f
(0)
A (y) ∝ eβ/β + e2ky according
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to (19) and (20). From (22), we see that eβ/β ≫ e2kL for a light mode withm0 ≪ mIR.
The nonconstant part of the wavefunction, ∝ e2ky, is then negligible even at the IR
brane. For the linear dilaton, we have redefined the field variable and the wavefunc-
tions, f̂
(n)
A ≡ e−〈φ〉f (n)A . According to (9) the wavefunction of the light mode then is
f̂
(0)
A ∝ ebky. Going back to the original field variable, we see that the wavefunction is
again (approximately) constant, f
(0)
A (y) ≃ N (0)A . Therefore using this approximation
and substituting (38) into the overlap integral (37), we find
grs0 ≃ g′4 d′
f
(r)
L (0)f
(s)
L (0)
mr +ms
∼
 g
′
4 r = −s
g′4
max(|r|,|s|)
(
|mr | |ms|
k2
)c′
otherwise,
(40)
where we have defined the dimensionless constant g′4 ≡ N (0)A g′5. Using the normalized
wavefunction (9) and the dilaton profile as discussed at the end of Sect. 2.2, we
find N
(0)
A ≃
√
2bk. Similarly, for the exponential dilaton, requiring a canonical kinetic
term for the light mode from (3), we find N
(0)
A ≈ 1/
√
L. Thus, for g′5 ∼ k−1/2, we
have g′4 ∼ 1. In the last step in (40), we have expanded the wavefunction (33) for
|mn|
k
≪ 1 and used (34) and (36). We see that the largest coupling is between two
Majorana states with nearly degenerate mass (i.e. pairs r = −s whose masses are
split by (36)). All other couplings are heavily suppressed. In particular, interactions
coupling a Majorana state to itself (i.e. for r = s), are suppressed by a factor of the
order m
(1)
r /mr (where m
(1)
r is the mass split (36)). The same suppression factor arises
in 4d when a Dirac fermion is split into two Majorana states via a small Majorana
mass (see e.g. [26]). The fact that the coupling is dominantly off-diagonal between two
quasi-degenerate Majorana states implements the inelastic dark matter scenario [26]
to reconcile DAMA/LIBRA with other direct detection experiments.
3.4 Coupling to higher modes of the dark gauge boson
We will now discuss couplings involving the higher KK modes of the dark gauge
boson, focusing first on the linear dilaton. For simplicity, we will neglect the mixing
with the SM photon and use the unmixed wavefunctions for the dark gauge boson.
Using the dilaton profile as discussed at the end of Sect. 2.2, the coupling constants
in terms of the redefined wavefunctions f̂
(n)
A read
grsℓ = g
′
5
∫
dy e−3kyebk(L−y)
(
f
(r)
L f
(s)
L f̂
(ℓ)
A − f (r)R f (s)R f̂ (ℓ)A
)
. (41)
Recall that, in the rescaled field variable ÂM , the action of the dark gauge boson
becomes that of a ‘standard’ gauge boson in a Randall-Sundrum model (but with
bulk and boundary masses). We now see that the coupling gˆ5(y) ≡ g′5ebk(L−y) of this
gauge field is y-dependent. Moreover, for b > 1 (which leads to an exponentially light
dark photon), this gauge coupling grows towards the UV brane. This is also visible
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in the field variable A′M : In order to localize the dark photon towards the IR, the
prefactor of the kinetic term in (2) has to decay towards the UV. This prefactor
is related to the inverse gauge coupling and we therefore again find that the gauge
coupling grows in the UV. As heavier KK modes live closer to the UV brane, one can
be worried that the KK modes will eventually become strongly coupled. We will now
show that this is not the case.
To this end, we approximate the wavefunctions using the expansions of Bessel
functions for small and large arguments. For example, for f
(n)
L this gives
f
(n)
L (z) ∼
√
mIRmn
k
z5/2

(
mn
k
z
)−1/2(
cos
(
mn
k
z
)
+
(
mn
k
)2c′
cos
(
mn
k
z
))
mn
k
z ≫ 1,(
mn
k
z
)c′+1/2
+
(
mn
k
)2c′ (mn
k
z
)−c′−1/2 mn
k
z ≪ 1,
(42)
where z ≡ eky and we have neglected phases in the trigonometric functions. From this
expansion, we see that |f (n)L (y)| is everywhere smaller than or of the order √mIR e2ky.
Similarly, we find that
|f (n)R (y)| . √mIR e2ky and |f̂ (n)A (y)| .
√
mIR e
ky/2 . (43)
Using these estimates in (41), we obtain the following upper bound on the gauge
couplings:
|grsℓ| . g′5m3/2IR ebkL
∫
dy e(3/2−b)ky ∼ g′4 . (44)
The last step is valid for b < 3
2
(recall that we chose b = 1.2), where we have used
the fact that N
(0)
A ∼
√
k. We thus find that, for g′4 . 1, all gauge couplings involving
higher KK modes of the dark gauge boson are perturbative. This is due to the fact
that the overlap integral is dominated by the IR. Note that (44) is only an upper
bound. In particular, we can expect that the gauge couplings involving heavy KK
modes are much smaller than 1 due to the fact that oscillations of the wavefunctions
(which we have neglected in (44)) cancel out each other.
Let us now consider the gauge couplings for the exponential dilaton, focusing on
the case α = 2. As in Sect. 2.3, we will use the frame in which the dilaton factor is not
absorbed into the wavefunction. In this frame, there is no y-dependent coupling in
the overlap integral which has the form (39). We will first consider modes with masses
mn ≪ k/
√
β. From the Schro¨dinger equation (17), we see that terms depending on β
(coming from the dilaton background) can be neglected for z ≫√β. One can check
that the dark gauge boson fulfills the same equation of motion as the SM photon
in this region. Correspondingly, the wavefunctions f
(ℓ)
A have the same profile as KK
modes of the SM photon (see [42, 43]). Imposing the Neumann condition at the IR
brane, we find
f
(ℓ)
A (z) ≃ N (ℓ)A eky
[
J1
(mn
k
eky
)
− J0(
mn
mIR
)
Y0(
mn
mIR
)
Y1
(mn
k
eky
)]
for z ≫
√
β . (45)
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In the region z ≪ k/mn, on the other hand, the mass term can be neglected. If we
impose the Neumann condition (instead of a Dirichlet condition) at the UV brane,
we therefore find from (16):
f
(ℓ)
A (z) ≃ const. for z ≪ k/mn . (46)
By expanding (25), we see that the KK modes of the SM photon have approximately
constant profiles in the region z ≪ k/mn as well. For modes with massesmn ≪ k/
√
β,
the regions overlap where (45) and (46) are valid. Thus, for the Neumann condition
at the UV brane, the wavefunctions f
(ℓ)
A have similar profiles as KK modes of the SM
photon everywhere between the two branes. Accordingly, KK modes of the dark gauge
boson couple with similar strengths to charged states as KK modes of the SM photon.
By imposing a Dirichlet condition at the UV brane instead, the wavefunctions f
(ℓ)
A are
additionally suppressed in the UV, resulting in slightly smaller coupling strengths.
We will now discuss modes with massesmn & k/
√
β. For sufficiently heavy modes,
the mass term completely dominates the potential of the effective Schro¨dinger equa-
tion (17). Imposing the Dirichlet condition at the UV brane, we then find
f
(ℓ)
A (z) ≃ N (ℓ)A eβ/2z
2√
z sin
(mn
k
(z − 1)
)
. (47)
We see that the wavefunction is enhanced by the factor exp(〈φ〉) = exp(β/2z2). This
factor, which enters the overlap integral (39) via the wavefunction (47), corresponds
to the factor exp(〈φ〉) coming from the y-dependent coupling in (41). By requiring a
canonical kinetic term when inserting the profile in (2), we find N
(ℓ)
A ∼
√
mIR. Using
the approximate wavefunction (47) and the upper estimates for f
(n)
L and f
(n)
R , we can
evaluate the overlap integral. We then find that, for β . 110 assuming kL ≈ 34, the
couplings are again perturbative.
Note that the perturbativity of the 4d couplings does not yet prove that loop
corrections are small. For a given loop diagram, one has to sum over all KK modes of
the intermediate fields. As a gauge theory in 5d is nonrenormalizable, a cutoff Λ on
the loop integrals has to be imposed. For example, one can introduce a Pauli-Villars
regulator field with mass Λ. As discussed in [63], the KK modes of the Pauli-Villars
field pair up with the KK modes of the fields in the loop. Each pair leads to a
finite contribution to the sum which can then be evaluated. We will not perform this
analysis here. But as we have seen, for the exponential dilaton, modes of the dark
gauge boson with masses up to the order k/
√
β have similar wavefunctions as those
of the SM photon. This corresponds to the fact that the dilaton background for the
exponential vev becomes relevant only close to the UV brane. As loop corrections
due to the SM photon can be expected to be small, we believe that corrections due
to these states are small as well. Larger corrections could then only arise from heavy
states with masses between k/
√
β and Λ. We furthermore emphasize that the dark
sector is gauge invariant up to the breaking at the UV brane.
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Let us briefly discuss loop effects from the 5d viewpoint. In the frame in which
we absorb the dilaton factor into the gauge field, the gauge coupling becomes large
(in units of k−1/2) in the UV. Note, however, that the propagators of the dark gauge
boson and the dark matter fermion are suppressed in the UV due to their bulk and
boundary masses. This gives a compensating effect to the growing coupling in the
UV. More precisely, note that the exponential dilaton profile can be localized more
towards the UV brane by choosing larger α (cf. Sect. 2.3). Although we have shown
the existence of a light mode only for the case α = 2, we expect that such a mode
appears in the spectrum for larger α as well. Absorbing the dilaton factor into the
gauge field, the y-dependent gauge coupling for the exponential dilaton becomes
ĝ′5(y) = e
e−αkyβ/2 g′5 , (48)
where g′5 ∼ k−1/2 is the gauge coupling appearing in the covariant derivative in (31).
In the formal limit α → ∞, the y-dependent factor in (48) is one everywhere in the
bulk and jumps to a large value only at the UV brane. Due to the Dirichlet boundary
condition, the gauge field however vanishes at the UV brane. Thus, at least in the
formal limit α→∞, there appears to be no issue with the UV coupling.10
In any case, loop corrections for the scenario with dark matter in the bulk deserve
a further analysis.
3.5 Freeze-out
At temperatures above the IR scale, the IR brane in a Randall-Sundrum model is
replaced by a black hole horizon [41]. This corresponds to the dual gauge theory being
in the deconfined phase for temperatures above its confinement scale. As the Universe
cools a phase transition to the Randall-Sundrum phase takes place (corresponding
to the confinement phase transition of the dual gauge theory) at or somewhat below
the IR scale [65].
Since the freeze-out temperature of a thermal relic with mass mDM is typically
of the order mDM/20, we assume that the details of the phase transition can be
neglected and perform a standard freeze-out calculation for our dark matter (see
also [66]). Recall from Sect. 3.3 that the dark photon couples dominantly to nearly
degenerate partners χ(n) and χ(−n). All other couplings are strongly suppressed. Such
a suppression does not occur for couplings involving the higher KK modes of the dark
gauge boson. If produced during the phase transition, higher KK modes χ(n) of the
fermion decay via these states to χ(1) or χ(−1) plus SM particles. For a mode with
mass mn, the corresponding decay rate is
Γ ∼ ααdarkζ2mn , (49)
10Alternatively note that in string theory, examples are known where the dilaton coupling diverges
in the UV such as the near-horizon geometry of D4-branes [64]. In these cases there is a dual UV
description and we may also speculate that a similar dual description exists for our field theory
model as well.
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where α is the fine-structure constant, αdark = g
′2
4 /4pi and ζ parametrizes the mixing
with the SM photon. For αdark ∼ 10−2 and ζ ∼ 10−3, these decays happen on short
timescales compared to the Hubble time during the phase transition and thus before
the dark matter freezes out. The decay of χ(−1) to χ(1) plus SM particles, however,
happens after freeze-out due to the kinematic suppression resulting from the small
mass split. The dominant annihilation channel for the dark matter is χ(1)χ(1) → γ′γ′,
where the dark photons subsequently decay to the SM. In this process (see Fig. 1), all
the KK modes χ(n) can be exchanged. However, as only χ(−1) couples unsuppressed
to χ(1) and the dark photon, the exchange of all other KK modes can be neglected.11
The annihilation cross section during freeze-out is thus given by
〈σv〉freeze ∼ α
2
dark
m2
DM
. (50)
As the dark matter particles still have high velocities during freeze-out, there is no
significant Sommerfeld enhancement of the annihilation.12 The enhancement turns
on later during structure formation [12] in galaxy halos, when the dark matter is
sufficiently slow. The right relic abundance can be obtained for mDM = O(TeV) and
αdark ∼ 10−2.
4 Conclusion
We have presented a warped model of the dark matter sector that incorporates a
nonsupersymmetric solution to the gauge hierarchy problem. The dark matter sector
contains a WIMP near the TeV scale that annihilates predominantly into leptons via
a dark force. This realizes the scenario in Ref. [7] which was recently put forth to
explain cosmic ray anomalies observed by the experiments PAMELA, FERMI and
HESS. In this scenario, the annihilation of dark matter is a two-step process: The dark
matter first annihilates into dark photons which subsequently decay to the Standard
Model. In order to allow for this decay while increasing the annihilation cross section
of dark matter via the Sommerfeld effect, the dark gauge group must be broken at
a low scale, chosen to be of order GeV. In our warped model, the dark gauge group
is broken at the UV brane. The mass hierarchy between the Planck and GeV scale
is then obtained by localizing the dark photon near the IR brane via a coupling to a
dilaton background. Moreover, in order to allow for the decay to the Standard Model,
the dark photon is assumed to mix with the Standard Model photon. In our model,
this is realized by a kinetic mixing term which is localized on the IR brane.
We have furthermore showed how to introduce a small mass splitting for the dark
matter in our model, by including a Majorana mass on the UV boundary (where the
11For the same reason, we can also neglect coannihilations of χ(1) with χ(−1).
12As was recently shown in [19, 20], however, in certain extreme cases the annihilation can be
enhanced by an order of magnitude. In these cases, a correspondingly lower tree-level cross section
has to be chosen in order to obtain the right relic abundance.
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dark gauge group is broken). This leads to a pair of nearly degenerate (pseudo-Dirac)
states with a tiny mass splitting. The dark photon couples dominantly off-diagonal to
these two states, avoiding constraints from direct detection experiments if the mass
splitting is sufficiently large. Moreover, for a mass splitting of order MeV, the results
of DAMA/LIBRA can be reconciled with the null results of other experiments via
the inelastic dark matter scenario.
Our model crucially depends on a dilaton background which enters via a prefactor
into the kinetic term of the dark gauge boson. We provided a dynamical solution that
showed how a suitable profile for the dilaton arises from boundary potentials. The
prefactor of the gauge kinetic term is of order one in the IR and decays towards the
UV, leading to the localization of the dark photon near the IR brane. But this also
means that the effective 5d coupling of the dark gauge boson, being related to the
inverse of this factor, grows in the UV. However, the exponentially suppressed profiles
of the dark matter and the dark gauge boson in the UV do lead to sufficiently weak
coupling between the 4d Kaluza-Klein states. Nevertheless, loop corrections deserve
a further analysis.
Alternatively, the dark matter (and all other matter charged under the dark gauge
group) can be localized at the IR brane, where the 5d coupling is not large. It would
be interesting to see how a small mass splitting for the dark matter can be induced
in this setup. Alternatively, constraints from direct detection experiments can be
fulfilled by making the mixing between Standard Model photon and dark photon
sufficiently small.
Finally, the dual 4d holographic description requires the entire dark sector to
emerge at the TeV scale as the bound states of some unknown strong dynamics. The
5d warped model therefore provides a suitable low energy description with which
to study a strongly-coupled dark sector in a framework that easily incorporates and
addresses the gauge hierarchy and fermion mass hierarchy problems in the Standard
Model.
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